We present studies of magnetic and transport properties of Ge 1−x−y Sn x Mn y Te mixed crystals with chemical compositions 0.083Յ x Յ 0.142 and 0.012Յ y Յ 0.119. The transport characterization measurements were performed at temperatures 4.2Ͻ T Ͻ 300 K. The results showed feature characteristic for narrow gap semiconductors, e.g., metallic conductivity with xx Ϸ 10 −4 ⍀ cm and hole concentrations p Ͼ 10 21 cm −3 . It was found that the transport properties strongly depend on the chemical composition of the alloy. The magnetic investigations included measurements of linear 1 and harmonic 2,3 ac susceptibilities as a function of temperature and of the applied magnetic field amplitude and frequency. Qualitative analysis of our experimental data showed that in the studied system, in the investigated composition range, the spin glass order exists at temperatures up to 50 K.
I. INTRODUCTION
Diluted magnetic semiconductors ͑DMSs͒ attracted large interest in the past years due to the possibility to utilize them in development of a novel class of spintronic devices. 1 Especially promising for spintronic applications seem to be ferromagnetic DMS belonging to III-V and II-VI groups which combine desirable magnetic properties with unique electric and optical ones. Apart from them, very interesting from the possible application point of view are IV-VI ferromagnetic ͑Ge,Mn͒Te compounds. In particular, in contrast to the Mnbased III-V compounds, such as Ga 1−x Mn x As, in ͑Ge,Mn͒Te the carrier density can be precisely controlled independently of the concentration of the magnetic ions. First experimental studies of magnetic properties of ͑Ge,Mn͒Te alloys were performed more than 40 years ago by Rodot et al. 2 on bulk crystals. It was found that this compound exists over a very wide Mn composition region. The ferromagnetism in ͑Ge,Mn͒Te is mediated via the free carriers. For samples with the highest composition, x = 0.5, the ferromagnetic phase was observed up to 167 K. 3 Recently, numerous papers were devoted to studying the molecular beam epitaxy grown ͑Ge,Mn͒Te epilayers. [4] [5] [6] [7] [8] [9] [10] [11] The highest reported Curie temperature T C was as high as 200 K. 4 In this paper, we present the results of studies of the physical properties of the quaternary mixed crystals ͑Ge,Mn͒Te-͑Sn,Mn͒Te. The main goal of our work was to provide the method of tuning magnetic properties of the Ge 1−x−y Sn x Mn y Te crystal by means of changing its chemical composition. This objective may be achieved because magnetic properties of both ternary constituents of the studied alloy are different. ͑Sn,Mn͒Te similarly to ͑Ge,Mn͒Te belongs to the group of narrow gap IV-VI DMS. Magnetic properties of ͑Sn,Mn͒Te compound were studied, e.g., in
Refs. 12-14 revealing the ferromagnetic phase at low temperatures with T C up to 20 K. Eggenkamp et al. in Ref. 12 showed that in ͑Sn,Mn͒Te, by means of appropriate annealing, it is possible to change the type of magnetic order from ferromagnetic to spin glasslike. The possibility of formation of different magnetic phases in the same material opens very interesting possibilities of constructing various types of spintronic devices, such as spin valves or spin filters, in the unified technological process.
II. SAMPLES CHARACTERIZATION
Investigated Ge 1−x−y Sn x Mn y Te samples were bulk crystals grown using a modified Bridgman method. In our studies, we adapted the inclined crystallization front technique originally proposed in Ref. 15 to improve aluminum crystal quality. By the use of an additional heater creating a radial temperature gradient inside the furnace, we produced the solid-liquid interface 15°slope from the horizontal. We found the above modification reduced the number of crystal blocks in the ingot from three to four down to one. The chemical composition of the crystals was changing continuously along an ingot as determined from x-ray fluorescence method. In order to minimize the inhomogeneity of individual samples, the ingots were cut into slices ͑about 1 mm thick͒ perpendicular to the growth direction. This guaranteed relatively small changes in the chemical composition in each slice ͑less than 0.005͒. The composition was measured for both sides of each slice and averaged. We have studied two sets of samples. In the first set, Sn content was in the range of 0.083Յ x Յ 0.103 and amount of Mn varied in a wide range of compositions, 0.012Յ y Յ 0.119, whereas in the second set, Mn content was limited to the range 0.031Յ y Յ 0.041 and amount of Sn changed from x = 0.09 to x = 0.142. Such a selection of investigated samples should simplify significantly the interpretation of the experimental re-sults. The results of the characterization of samples ͑includ-ing uncertainties of chemical composition determination͒ grouped in the described above way are gathered in the first two columns of Table I .
The crystallographic characterization of the investigated crystals was performed using standard powder x-ray diffraction technique. The measurements were performed at room temperature. The obtained results showed that all investigated samples were monocrystalline, single phased, and crystallized in the NaCl structure distorted in the ͑111͒ direction ͑rhombohedral structure͒, the same as their host crystal GeTe. The lattice parameters show small deviation from the GeTe lattice constant a Х 5.98 Å ͑not exceeding 1% of the above value͒ and the angle of distortion ␣ = 88.3°. 16 It may be noted that with increase of Sn or Mn amount in the sample the lattice parameter is decreasing. Since we have two different substitutional ions in the alloy, it is hard to perform a detailed analysis of the results. The lattice parameters determined experimentally for a few selected samples are gathered in Table II .
In order to obtain information about fundamental electrical properties of the studied material, we have performed basic transport Hall effect and resistivity measurements. We were using the standard six contact dc method. The transport measurements were carried out in the temperature range from 4.2 up to 300 K. The Hall effect measurements were performed at constant magnetic field B = 1.4 T and in dc I = 100 mA. We have measured the resistivity parallel to the current direction, xx , as a function of temperature for the samples listed in Table I . Obtained xx ͑T͒ curves have behavior characteristic for degenerate semiconductors ͑i.e., rise of resistivity with increasing temperature͒. Figure 1 shows examples of results obtained for Ge 0.873 Sn 0.103 Mn 0.024 Te sample. The characteristic feature observed for all investigated samples was the existence of minimum flat area in xx ͑T͒ dependence at low temperatures up to 40 K. Above that temperature the resistivity increases nearly linearly with temperature. As we can see in Fig. 1 , changes in the resis- tivity with temperature in the investigated temperature range are relatively low ͓ xx ͑300 K͒ / xx ͑4.2 K͒Ϸ30-40%͔. The resistivity values for T = 300 K are gathered in Table I . The obtained results prove the dependence of resistivity on the sample composition. We can distinguish two general trends:
The resistivity increases with increasing both Sn and Mn contents. The resistivity values change by a factor of 4 ͑at room temperature͒, growing from 4.3ϫ 10 −5 up to 1.9 ϫ 10 −4 ⍀ cm, when changing Sn molar fraction, x, from 0.09 up to 0.142. For the samples with varying Mn content, we observe irregular variations of the resistivity value between 4.1ϫ 10 −5 ⍀ cm for the sample with y = 0.024 up to 7.7ϫ 10 −4 ⍀ cm for the sample with y = 0.051, i.e., over a range of more than one order of magnitude.
The results of the Hall effect measurements showed that all investigated samples had p-type conductivity with relatively high carrier concentrations varying between 1.1 ϫ 10 21 and 4.26ϫ 10 21 cm −3 . The Hall carrier concentration values measured at room temperature are gathered in Table I . We have also performed measurements of the Hall effect as a function of temperature ͑see Fig. 2͒ . As we can see in Fig. 2 , the carrier concentration behaves differently for samples with different contents of Mn. For small Mn contents, y Ͻ 0.051, only small changes in p with temperature ͓p͑300 K͒ / p͑4.2 K͒Ϸ2͔ were observed. A different behavior is observed for samples with y Ͼ 0.051: In that case the carrier concentration shows stronger temperature dependence, which is not typical for compounds with metallic type of conductivity. The largest changes in p were observed for the sample with y = 0.115 ͓p͑300 K͒ / p͑4.2 K͒Ϸ8͔. We can clearly see that the value of p measured at room temperature increases with the Mn molar fraction, y.
We have also performed measurements of Hall effect as a function of temperature on a set of samples with similar Mn content ͑y Ϸ 0.35͒ and Sn content varying between 0.09Յ x Յ 0.142. The results of those measurements for selected samples with different Sn contents, x, are shown in Fig. 3 .
The concentrations of holes from those measurements obtained for the set of samples with various Sn content x and an approximately constant amount of Mn also show strong temperature dependence for T Ͻ 100 K. Below that temperature, the carrier concentration value increases by a factor of 3. However, it has to be noted that results of low temperature Hall effect measurements in DMSs can be strongly influenced by the effects connected with the presence of paramagnetic ions in the crystal lattice. Below the temperature of the phase transition to a magnetically ordered phase, the Hall voltage is a sum of the classical Hall effect and of the anomalous one ͑which is connected directly with a magnetization of the material͒. Due to this fact, in the case of our samples it was reasonable to analyze only the results obtained for temperatures higher than 100 K, far above the phase transition. For temperatures larger than 100 K ͑up to room temperature͒, we have observed relatively small changes of the Hall carrier concentration ͓p͑300 K͒ / p͑100 K͒Ϸ1.5͔. Such small changes in the carrier concentration with temperature are characteristic for degenerate semiconductors. The carrier concentration values in the range of low temperatures increase with increasing Sn molar fraction x, from p͑4.2 K͒ = 4.2ϫ 10 20 cm −3 for x = 0.092 up to p͑4.2 K͒ = 6.4ϫ 10 20 cm −3 for x = 0.142. Analogous situation is observed at room temperature, where the carrier concentration increases with growing Sn content from p͑300 K͒ = 1.2ϫ 10 21 cm −3 for x = 0.092 up to p͑300 K͒ = 1.8ϫ 10 21 cm −3 for x = 0.142. Using a simple formula ͑ xx ͒ −1 = ep, where e is the elementary charge, we were able to calculate the carrier mobility for each sample and mobility changes with temperature. A typical result obtained for selected Ge 1−x−y Sn x Mn y Te sample is shown in Fig. 1 . The mobility versus temperature curve shape observed for temperatures higher than 10 K ͑see Fig. 1͒ is typical for materials where phonon scattering processes play a dominant role in the carrier transport. The mobility determined at the lowest temperature corresponds to the scattering of holes at crystal structure defects and its value is lower than 100 cm 2 V −1 s −1 in all studied samples.
III. MAGNETIC MEASUREMENTS
A. Temperature behavior of linear ac susceptibility 1 We performed systematic studies of magnetic properties of Ge 1−x−y Sn x Mn y Te mixed crystal. The ac magnetometer ͑mutual inductance method͒ was used for determining both real and imaginary parts of the linear magnetic susceptibility, Ј 1 and Љ 1 , respectively. The experimentally observed inphase susceptibility component, Ј 1 , is related to the magnetic flux entry to the sample in the peaks of the ac field, while the out-of-phase one, Љ 1 , is proportional to the magnetic moment trapped inside the material at zero field moments of ac field. 17 The measurements were carried out in the temperature range from 1.3 up to 300 K. ac magnetic field used in these experiments had a frequency f = 650 Hz and an amplitude H ac = 0.5 Oe.
The dependence of the linear magnetic susceptibility versus temperature for a few samples in the range of low temperatures is presented in Fig. 4 . The presence of cusp in both Ј 1 and Љ 1 occurring at similar temperatures was observed in all investigated samples indicating the appearance of magnetic phase transition in studied samples. In general, the presence of maximum in the magnetic susceptibility can be attributed to the appearance of several types of magnetic ordering ͑ferromagnetic, antiferromagnetic, superparamagnetic, and spin glass͒. The Ј 1 ͑T͒ curves for the samples containing more Mn than y = 0.067 have slightly different shape than that one observed for samples with y Ͻ 0.067 ͑compare Figs. 4 and 5͒ .
For the samples with y Ͼ 0.067 we were observing sharp and asymmetric cusps in both parts of magnetic susceptibility, while for the samples with y Ͻ 0.067 cusps were very broad and symmetric. Similar differences were observed in the shapes of the Љ 1 ͑T͒ maxima. Near the maximum, the Ј 1 value is of the order of 10 −2 emu/ g and it is slowly diminishing for temperatures above the cusp temperature. Those observations, as well as the Ј 1 behavior below the maximum temperature, indicate that most probably we do not observe a paramagnet-ferromagnet phase transition. It is more probable that we observe transition to the phase in which short order magnetic interactions play a decisive role. The different shapes of Ј 1 ͑T͒ curves may also indicate that for these two groups of samples transitions to the different magnetic phases take place. Sharp asymmetric peaks are often observed in ferromagnetic compounds while broad and symmetric cusps are characteristic for the transition to a superparamagnetic or spin glass phase.
As is visible in Fig. 4 , the out-of-phase component of magnetic susceptibility diminishes slowly around the temperature of maximum. That can be a manifestation of collective behavior of Mn magnetic moments. 18 Unfortunately, the similar temperature behavior of both components of the magnetic susceptibility does not allow us to quantitatively determine the type of magnetic ordering observed in the studied compound.
All studied samples behave like Curie-Weiss paramagnets in the range of high temperatures with the magnetic susceptibility dependence on temperature described by the Curie-Weiss law. In IV-VI DMSs, we can distinguish two major components determining their magnetic properties. The first is the paramagnetic component introduced by Mn 2+ ions with half filled 3d 5 shell with spin only ground state with S =5/ 2. The second term is the diamagnetic one originating from the nonmagnetic host lattice and substitutional diamagnetic ions. All IV-VI semiconductors containing nonmagnetic ions are standard diamagnetic materials with magnetic susceptibility dia Ϸ −3 ϫ 10 −7 emu/ g ͓Eq. ͑1͔͒ almost independent of temperature. The temperature behavior of real part of linear magnetic susceptibility Ј 1 for such diluted magnetic system can be described using Eq. ͑1͒,
where C = g 2 B 2 S͑S +1͒N M is the Curie constant, ⌰ is the paramagnetic Curie temperature ͑Curie-Weiss temperature͒, g is the effective spin splitting factor, S is the spin of magnetic ion, k B is the Boltzman constant, z i is the number of magnetic neighbors on the ith crystallographic shell, I͑R i ͒ is the exchange integral between the central ion and its magnetic neighbors on the ith shell, B is the Bohr magneton, and N M is the concentration of magnetic ions. Exemplary results of experimentally determined high temperature parts of the inverse susceptibility are presented in Fig. 6 . We can observe that the temperature dependence of ͑Ј 1 ͒ −1 is linear as T increases above 90 K. Due to this fact we have done fittings of Ј 1 ͑T͒ curves using the Curie-Weiss law for temperatures higher than 90 K. As a result of fitting, we have obtained the Curie-Weiss temperatures ⌰, Curie constants C ͑see Table I͒ , and the diamagnetic term of the susceptibility dia for each sample. For all samples, we have obtained similar values of dia Ϸ −3 ϫ 10 −6 emu/ g. As we can see in Table I, 039, it is difficult to observe any obvious trend in ⌰. The highest Curie-Weiss temperature, ⌰ = 65.89 K, was obtained for sample with y = 0.039. In the case of samples with similar Sn content, we also were not able to distinguish any obvious trend in ⌰ with changing Sn molar fraction, x. When analyzing possible correlations between the Curie-Weiss temperature and carrier concentration, there also seems to be no obvious trend. Lack of the interplay between both the chemical composition and carrier concentration may suggest that the Ruderman-Kittel-Kasuya-Yoshida ͑RKKY͒ interactions are not the most significant in the studied system and other types of magnetic interactions may be responsible for the observed phase transitions. From the value of the Curie constant, C, obtained as a fitting parameter of the Curie-Weiss law, it is possible to calculate a concentration of magnetic ions, N M . The results of such simple calculations ͑assuming S =5/ 2, and g Ϸ 2͒ showed that the determined values of Mn molar fractions, y, are in good agreement for most of the samples with the values determined using x-ray fluorescence spectroscopy ͑with maximum 10% of discrepancy͒. This may indicate that most of the Mn ions in our samples are in 2+ charge state and probably substitute for Ge 2+ sites in the crystal lattice.
B. Frequency shifting of linear ac susceptibility 1
It is difficult to determine the type of magnetic phase only from the behavior of Ј 1 versus temperature. The problem of distinguishing between the spin glass and superparamagnetic phase transition cannot be solved by measuring of a difference between magnetic susceptibilities in zero field cooled ͑ZFC͒ and field cooled ͑FC͒ samples. In the cases of both phase transitions we should observe bifurcations between ZFC and FC curves. In order to determine the type of magnetic ordering in the studied material, the measurements of ac magnetic susceptibility as a function of temperature for different magnetic field amplitudes and frequencies were performed. A qualitative analysis of such data often serves as a reliable source of information, which helps to distinguish between spin glass and superparamagnetic systems. We have performed measurements of temperature dependence of magnetic susceptibility for different frequencies, f, between 7 and 9970 Hz and for amplitudes of ac magnetic field H ac between 0.5 and 5 Oe for samples presented in Table I . The measurements at low frequencies were performed for higher magnetic field amplitudes because of the small signal value for such frequencies. On the other hand, for the highest frequency ͑f = 9970 Hz͒ it was not possible to perform measurements with magnetic fields H ac Ͼ 1 Oe due to technical limitations of the coil ͑circuit impedance͒. As a result of investigations, we have obtained the freezing temperatures, T F ͑see Fig. 7 and Table III͒, determined at chosen frequencies for a few selected samples containing different Mn amount. The freezing temperatures were determined as positions of maxima on the Ј 1 ͑T͒ curves. As one can see from Table III and Fig. 7 , for each sample, we have observed a similar shift of the freezing temperature T F into higher values with an increasing magnetic field frequency.
The same tendency was observed in the case of the outof-phase component of linear magnetic susceptibility, Љ 1 . The amplitude of the cusp is also frequency and amplitude of the ac magnetic field dependent, showing an increase in amplitude with a decrease in the magnetic field frequency. That behavior is characteristic for the slow relaxation of magnetization in superparamagnetic and spin glass materials. The uncertainty of the temperature measurement was equal to ⌬T Ϸ 0.005 K for temperatures from the range 1.3Յ T Յ 30 K and ⌬T Ϸ 0.01 K for temperatures between 30Յ T Յ 325 K. Due to this obtained frequency shifting of T F can be clearly attributed to the magnetic behavior of measured Ge 1−x−y Sn x Mn y Te crystals. The frequency dependence of ac magnetic susceptibility is a common feature of magnetically inhomogeneous phases, such as cluster glass or spin glass systems. These two magnetic phases originate from the competition between two types of exchange interactions: the ferromagnetic double exchange and antiferromagnetic superexchange interaction. This competition causes a long range order frustration and is responsible for freezing of magnetic moments in the mentioned phases. In order to distinguish between these two magnetic states, one needs to determine temperatures at which the cusps in Ј 1 appear for different ac magnetic field frequencies. The parameter R describing freezing temperature shift per decade of frequency was proposed by Mydosh,
where ⌬T F = T F ͑f 1 ͒ − T F ͑f 2 ͒ is the difference between freezing temperatures determined at frequencies f 1 and f 2 , respectively, and ⌬f = f 2 − f 1 . Values of R calculated for several samples of Ge 1−x−y Sn x Mn y Te alloy are gathered in Table I . According to Mydosh, values of R for spin glass samples should be around 0.01, while for the superparamagnetic state are usually higher than 0.1. The values of R obtained in our experiments indicate that we were observing paramagnetspin glass transition in all our samples. In some cases, values of R are slightly larger than 0.01 which may indicate a small addition of the superparamagnetic phase in some of the samples. From that analysis, it is obvious that even for samples with y Ͼ 0.067, characterized by sharp, narrow, and asymmetric peaks in both linear components of the ac magnetic susceptibility, we observe the paramagnet-spin glass transition. An inspection of values of T F gathered in Table I shows that this quantity preserves the same trend with chemical composition of the alloy as the one observed for the Curie-Weiss temperatures ⌰. It is also clearly visible that in most cases the values of T F are smaller than the ones of ⌰. This is additional confirmation that we observed spin glasslike behavior in studied compound. The frequency dependent in-phase magnetic susceptibility Ј 1 versus temperature data can be further analyzed in order to obtain relevant parameters of the spin glass system. The Ј 1 ͑T͒ dependence can be analyzed on the basis of power law relation 18 described by Eq. ͑3͒,
where is a relaxation time corresponding to the ac magnetic field frequency ͑ =1/ f͒, 0 is a constant, zv is the critical exponent, and T g is the true spin glass transition temperature, which is equivalent to the freezing temperature T F measured in f → 0͑ → ϱ͒. Fulfilling the power law approach is additional proof that we observe paramagnet-spin glass phase transitions. This approach is in agreement with computer simulations based on Monte Carlo method. 19 The transition temperatures T g may be obtained from T F ͑f͒ extrapolation with f → 0. The values of true transition temperatures T g for selected samples with different Mn molar fractions are gathered in Table III . Using the power law relation given by Eq. ͑3͒, we have performed fitting of T F versus dependencies, obtaining characteristic zv and 0 parameters for each measured sample. The obtained values of these parameters for selected samples can be also found in Table III 20 Our values are slightly larger than 10 −12 s in the case of samples with y = 0.012 and y = 0.069, but these values are acceptable for typical spin glasses. Moreover, the values of critical exponent zv are between five and eight for all studied samples, i.e., in the range also acceptable for spin glass system. Typically for canonical spin glass systems, values of zv varies between 4 and 12.
19 Exemplary results of fitting to the experimentally determined freezing temperatures T F for different ac magnetic field frequencies f presented in terms of ln͑͒ versus ln͓͑T F − T g ͒ / T g ͔ plot are shown in Fig. 8 .
C. Nonlinear harmonic susceptibilities measurements
Additional confirmation that Ge 1−x−y Sn x Mn y Te system shows spin glass behavior was found in study of higher harmonic susceptibilities near the freezing temperature T F . It is well known that the short range order disturbed by thermal fluctuations produces nonlinearities in the magnetic response of the spin glass systems. The magnetization of such system can be expressed in terms of a sum of odd harmonic susceptibilities n ͑n =1,2,3,...͒. Even harmonic susceptibilities can be neglected due to the magnetization symmetry. 21 The dependence of magnetization on susceptibility harmonics is given by Eq. ͑4͒, 
The in-phase component of third order magnetic susceptibility Ј 3 shows variations near the spin glass transition temperature T g . Moreover, Ј 3 is more sensitive to characteristic for spin glasses spin dynamics than is linear susceptibility. Nonlinear susceptibilities show variations according to the power law ͑based on the mean field theory͒ in the form of −n͑␥+␤͒+␤ , where ␥ and ␤ are critical exponents, and = ͑T F − T g ͒ / T g is a reduced temperature. 21 The out-of-phase component of third order susceptibility, Љ 3 , mainly reflects −Љ 1 and its amplitude is proportional to the amplitude of applied magnetic field.
We have performed studies of third order harmonic susceptibility near the freezing temperature T F for samples listed in Table I . The measurements were done in a magnetic field H ac = 5 Oe of frequency f = 625 Hz. The measurements showed variations of Ј 3 ͑T͒ near T F for samples with Mn molar fraction higher than y = 0.058, which is presented in Fig. 9 . In a canonical spin glass system, only the odd terms of magnetic susceptibility n should be nonzero in the vicinity of spin freezing temperature. In order to check whether studied Ge 1−x−y Sn x Mn y Te samples behave like canonical spin glass at low temperatures, we have performed measurements of second harmonic ac magnetic susceptibility, 2 . The results showed that 2 also shows variations near T g which indicates that the long range ferromagnetic interactions ͑RKKY͒ also exist in the studied compound.
D. ac magnetic moment m ac "H… measurements
An additional proof that we really observe the paramagnet-spin glass transition in Ge 1−x−y Sn x Mn y Te samples was obtained from the behavior of ac magnetic moment m ac measured as a function of magnetic field H ac at different temperatures. We were using an alternating magnetic field with frequency f = 625 Hz and amplitude H ac = 25 Oe. Those measurements were performed on several samples with various compositions and for temperatures below, above, and in the vicinity of paramagnet-spin glass phase transition temperature. Typical results obtained for sample with x = 0.089 and y = 0.051 are presented in Fig. 10 . As we can see from Fig. 10 , the area of the hysteresis loop measured for different temperatures is the biggest in the vicinity of T g . That result is similar to the one reported earlier in literature for other spin glass systems. 17 The magnetic moments remain frozen in the vicinity of T g which may explain the biggest remanent ac magnetic moment and coercivity field near T g . Below phase transition temperature, we observed in all cases that hysteresis loop area was diminishing with decreasing temperature. The decrease in magnetic moment and its irreversibility below T g can be explained due to the freezing of spins, which cannot respond to the relatively small ac magnetic field. This freezing state becomes stronger as temperature is further lowered, causing the hysteresis loop to be the smallest for lowest temperatures. In contrast, above T g , this compound is a simple paramagnetic material, which is seen in linear and reversible shape of m ac ͑H ac ͒ curve. Above the transition temperature T g , we did not observed any hysteretic behavior of m ac ͑H ac ͒ curves, which can be also be found in Fig. 10 .
IV. SUMMARY AND CONCLUSIONS
We have presented results of magnetic and transport measurements performed on Ge 1−x−y Sn x Mn y Te mixed crys- tals. Low field transport measurements revealed metallic p-type conductivity with carrier concentrations of the order 10 21 cm −3 . The resistivity and carrier concentration shows variations with increasing content of both Mn and Sn ions. Additionally we observed an unusual-for that class of materials-increase in hole concentration ͑by a factor of 4͒ with increasing temperature, for samples with y Ͼ 0.067. Magnetic investigations including linear ac magnetic susceptibility Ј 1 ͑T͒ recorded at different magnetic field frequencies, and studies of nonlinear susceptibility Ј 3 ͑T͒, and ac magnetization m ac ͑H ac ͒ revealed features indicating on presence of the paramagnet-spin glass transition at temperatures lower than 50 K. A quantitative analysis of the experimental data, based on calculation of factor R and power law analysis, additionally supports previous observations that at low temperatures we indeed observe the spin glass order.
The occurrence of a spin glass phase was detected for the first time in GeTe based DMS. This finding creates possibilities of development and constructing of the spintronic devices employing different magnetic phases, e.g., spin valves or filters. 22 One may imagine even larger integration, i.e., including spin glass memory cells. 23 
